Immunoglobulin heavy chain binding protein (BiP) is present in the lumen of the mammalian endoplasmic reticulum, where it associates transiently with a variety of newly synthesized secretory and membrane proteins or permanently with mutant proteins that are incorrectly folded. We describe a unique member of the Saccharomyces cerevisiae 70-kDa heat shock protein gene family (HSP70) that encodes a protein homologous to mammalian BiP. The DNA sequence contains a 2046-nucleotide open reading frame devoid of introns, and examination of the predicted amino acid sequence reveals features not found in most other yeast HSP70 proteins but which are present in BiP. Most notable are a 42-residue sequence at the N terminus that exhibits characteristics of a cleavable signal sequence and a C-terminal sequence, -HisAsp-Glu-Leu, that is involved in determining endoplasmic reticulum localization in yeast. The 5' flanking region of this gene contains two overlapping sequences between nucleotides -146 and -169 that closely resemble consensus heat shock elements. The yeast BiP gene is strongly heat shock-inducible, whereas the BiP genes in various other species are either weakly or non-heat-inducible. We demonstrate that a functional BiP gene is essential for vegetative growth. An evolutionary comparison of amino acid sequences of 34 HSP70 proteins from 17 species suggests that BiP genes share a common ancestor, which diverged from other HSP70 genes near the time when eukaryotes rust appeared.
Members of the 70-kDa heat shock protein multigene family are among the most highly conserved genes known. Eukaryotic genomes contain several related members of this family. All of the proteins encoded by these genes probably interact with other cellular proteins and catalyze inter-and intramolecular rearrangements (folding) in a reaction that is probably coupled to hydrolysis of ATP (1, 2) . Such enzymes have been referred to as molecular chaperones (3) .
The most prominent members of the gene family are the genes encoding the so-called heat shock cognate proteins of 70 kDa (hsc70). Most eukaryotes have several hsc70 genes;
and one or more of these genes is transcribed in all cells producing an abundant cytoplasmic protein. hsc70 catalyzes the uncoating of clathrin-coated vesicles by disrupting clathrin-clathrin interactions (4, 5) , but this is undoubtedly only one of many similar activities that it carries out (6, 7) .
The second class of HSP70 genes includes the classic heat-inducible genes after which the family is named. Most eukaryotic genomes contain several closely related members of this class of genes (8) (9) (10) . Upon induction by stress, the ==70-kDa heat shock proteins (hsp70) concentrate in the nucleus and nucleolus, where they are likely to mediate protein repair or reassembly after stress damage (11) .
The HSP70 gene family includes a gene that encodes a 78-kDa glucose-regulated protein (GRP78) also known as immunoglobulin heavy chain binding protein (BiP; refs. 1, 12, and 13) . The product of the BiP gene is localized to the lumen of the mammalian ER, where it has been shown to associate transiently during the normal biogenesis of a variety of newly synthesized membrane and secretory proteins and permanently with underglycosylated or mutant proteins that fail to leave the ER (13) (14) (15) (16) . Mammalian BiP is synthesized constitutively, but its rate of synthesis can be enhanced by a variety of stress conditions including glucose starvation, inhibition of N-linked glycosylation, calcium ionophores, amino acid analogues, and overproduction of improperly folded proteins that accumulate in the ER, but not substantially by heat shock (12, [17] [18] [19] . Based on these findings it has been proposed that BiP recognizes incorrectly folded proteins in the ER, preventing their aggregation and possibly promoting proper folding (1, 2) .
We have sought to identify the genet encoding a protein homologous to BiP in Saccharomyces cerevisiae with the intention of generating mutants that may be useful in elucidating the function of this member of the HSP70 gene family.
MATERIALS AND METHODS
Strains. The S. cerevisiae strains used were: LL20 (MA Ta, leu2-3, leu2-112, his3-11, his3-15, cani), W3031A-H (MATa, canl-100, leu2-3, leu2-112, trpl-J, ura3-1, ade2-1), W3031B-T (MATa, canl-100, leu2-3, leu2-112, his3-11, ura3-1, ade2-1), and LP112-HT produced by mating W3031A-H and W3031B-T (20) .
Isolation of the Yeast BiP Gene. A yeast (strain LL20) genomic library was provided by A. Percival-Smith and J. Segall (21) . Six different recombinants were isolated from this library by screening for homology to a Drosophila HSP70 gene (22 tTo whom reprint requests should be addressed. MThe sequence reported in this paper has been deposited in the GenBank data base (accession no. M31006).
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (nucleotides -243 to 1783 in Fig. 1 ), was subcloned into pUC13 and designated YG2C2SX. Subsequently, the 0.68-kb Bgl II fragment within the coding region was removed and replaced with a 3.0-kb Bgl II fragment carrying the LEU2 gene. The disrupted BiP gene was excised from the plasmid and used for integrative transformations of both diploid (LP112-HT) and haploid (W3031A-H and W3031B-T) strains by the spheroplast method (24) .
RESULTS AND DISCUSSION
Identification and Characterization of the Yeast BiP Gene. In the yeast S. cerevisiae, the HSP70 gene family has been extensively characterized by E. Craig and her co-workers; they have isolated eight members of the family (25) (26) (27) . We have independently detected and cloned five members of the yeast HSP70 gene family by screening a genomic library with a Drosophila hsp70 gene probe. One of these genes (contained on plasmid YG2C2) was shown to be a single-copy gene not closely related to the other members of the family (22 GAT GAT GTA GAA AAC TAC GGA ACT GTT ATC GGT 202 ATT GAC TTA GGT ACT ACT TAT TCC TGT GTT GCT GTG ATG AAA AAT GGT 250 AAG ACT GAA ATT CTT GCT AAT GAG CAA GGT AAC AGA ATC ACC CCA TCT 298 TAC GTG GCA TTC ACC GAT GAT GAA AGA TTG ATT GGT GAT GCT GCA AAG 346 AAC CAA GTT GCT GCC AAT CCT CAA AAC ACC ATC TTC GAC ATT AAG AGA 394 TTG ATC GGT TTG AAA TAT AAC GAC AGA TCT GTT CAG AAG GAT ATC AAG 442 CAC TTG CCA TTT AAT GTG GTT AAT AAA GAT GGG AAG CCC GCT GTA GAA 490 GTA AGT GTC AAA GGA GAA AAG AAG GTT TTT ACT CCA GAA GAA ATT TCT 538 GGT ATG ATC TTG GGT AAG ATG AAA CAA ATT GCC GAA GAT TAT TTA GGC 586 ACT AAG GTT ACC CAT GCT GTC GTT ACT GTT CCT GCT TAT TTC AAT GAC 634 GCG CAA AGA CAA GCC ACC AAG GAT GCT GGT ACC ATC GCT GGT TTG AAC 682 GTT TTG AGA ATT GTT AAT GAA CCA ACC GCA GCC GCC ATT GCC TAC GGT 730 TTG GAT AAA TCT GAT AAG GAA CAT CAA ATT ATT GTT TAT GAT TTG GGT 778 GGT GGT ACT TTC GAT GTC TCT CTA TTG TCT ATT GAA AAC GGT GTT TTC 826 GAA GTC CAA GCC ACT TCT GOT GAT ACT CAT TTA GGT GGT GAA GAT TTT 874 GAC TAT AAG ATC GTT CGT CAA TTG ATA AAA GCT TTC AAG AAG AAG CAT 922 GGT ATT GAT GTG TCT GAC AAC AAC AAG GCC CTA GCT AAA TTG AAG AGA 970 GAA GCT GAA AAG GCT AAA CGT GCC TTG TCC AGC CAA ATG TCC ACC CGT 1018 ATT GAA ATT GAC TCC TTC GTT GAT GGT ATC GAC TTA AGT GAA ACC TTG 1066 ACC AGA GCT AAG TTT GAG GAA TTA AAC CTA GAT CTA TTC AAG AAG ACC 1114 TTG AAG CCT GTC GAG AAG GTT TTG CAA GAT TCT GGT TTG GAA AAG AAG 1162 GAT GTT GAT GAT ATC GTT TTG GTT GGT GGT TCT ACT AGA ATT CCA AAG 1210 GTC CAA CAA TTG TTA GAA TCA TAC TTT GAT GGT AAG AAG GCC TCC AAG 1258 GGT ATT AAC CCA GAT GAA GCT GTT GCA TAC GGT GCA GCC GTT CAA GCT 1306 GGT GTC TTA TCC GGT GAA GAA GGT GTC GAA GAT ATT GTT TTA TTG GAT 1354 GTC AAC GCT TTG ACT CTT GGT ATT GAA ACC ACT GGT GOT GTC ATG ACT 1402 CCA TTA ATT AAG AGA AAT ACT GCT ATT CCT ACA AAG AAA TCC CAA ATT 1450 TTC TCT ACT GCC GTT GAO AAC CAA CCA ACC GTT ATG ATC AAG GTA TAC 1498 GAG GGT GAA AGA GCC ATG TCT AAG GAC AAC AAT CTA TTA GGT AAG TTT 1546 GAA TTA ACC GGC ATT CCA CCA GCA CCA AGA GGT GTA CCT CAA ATT GAA 1594 GTC ACA TTT GCA CTT GAC GCT AAT GGT ATT CTG AAG GTG TCT GCC ACA 1642 GAT AAG GGA ACT GGT AAA TCC GAA TCT ATC ACC ATC ACT AAC GAT AAA 1690 GGT AGA TTA ACC CAA GAA GAG ATT GAT AGA ATG GTT GAA GAG GCT GAA 1738 AAA TTC GCT TCT GAA GAC GCT TCT ATC AAG GCC AAG GTT GAA TCT AGA 1786 AAC AAA TTA GAA AAC TAC GCT CAC TCT TTG AAA AAC CAA GTT AAT GGT 1834 GAC CTA GGT GAA AAA TTG GAA GAA GAA GAC AAG GAA ACC TTA TTA GAT 1882 GCT GCT AAC GAT GTT TTA GAA TGG TTA GAT GAT AAC TTT GAA ACC GCC 1930 ATT GCT GAA GAC TTT GAT GAA AAG TTC GAA TCT TTG TCC AAG GTC GCT 1978 TAT CCA ATT ACT TCT AAG TTG TAC GGA GGT GCT GAT GGT TCT GGT GCC 2026 GCT GAT TAT GAC GAC GAA GAT GAA GAT GAC GAT GGT GAT TAT Proc. Natl. Acad. Sci. USA 87 (1990) stream regulatory sequences known as heat shock elements (28, 29) . Between nucleotides -146 and -169 there are two overlapping regions that match the heat shock element consensus sequence (C--GAA--TTC--G) in seven of eight nucleotides.
The DNA sequence shows two TATA homologies at positions -56 to -62 and -89 to -96. However, only a single transcriptional start site occurs in vivo (nucleotide + 1) as determined by S1 nuclease digestion of DNARNA hybrids (not shown). In yeast cells, Zaret and Sherman (30) have proposed a consensus sequence of TAG. . .TAGT. . . (ATrich)T1'T as a transcription termination signal in some genes. This gene contains an exact match to the proposed consensus sequence beginning at the stop codon TAG (nucleotide 2086).
The predicted amino acid sequence of the protein encoded by the yeast HSP70 gene that we have cloned is compared directly to the amino acid sequence of rat BiP, the amino acid sequence of yeast hsc7OA1 (product of the SSAI gene), and the consensus HSP70 sequence (Fig. 2) . Small deletions (indicated by dashed lines) have been inserted in these sequences to maximize homology. The boxed regions of homology indicate that the gene we have isolated encodes a protein that is closely related to both the yeast hsc7OA1 sequence and that of rat BiP. The homology to rat BiP is greater than that to the other yeast gene, although the differences are not striking. From amino acid 4 to the C terminus, the amino acid sequence is identical to rat BiP in 421 positions, compared with only 394 amino acids in common with the other yeast gene. The rat BiP and yeast hsc7OA1 sequences, on the other hand, are identical at 404 positions.
A survey of 33 HSP7O-related protein sequences from 17 species shows that the gene we have isolated and the rat and hamster BiPs share characteristics not common in other HSP70s. For example, most reported HSP70 protein sequences show a common, highly conserved, stretch of amino acids, Gly-Ile-Asp-Leu-Gly-Thr-Thr-Tyr-Ser-Cys-Val, which begins a few residues from the N terminus, but the predicted protein sequence of the gene that we have cloned contains an unusually long amino acid sequence (53 amino acids) preceding this highly conserved sequence. We suspect that a portion of this is a hydrophobic leader sequence found in many examples of proteins that are translocated across the membrane of the ER (32), including mammalian BiP (12) . The N-terminal extensions of the yeast gene product and rat BiP, although quite different in length, share several features (Fig.  2) . They both contain one or more basic amino acid residues near the N terminus, they both have a stretch of hydrophobic amino acids near the middle of the extension followed by basic residue(s) and then a group of acidic amino acids. Finally, both extensions contain the triplet Gly-Thr-Val immediately prior to the highly conserved sequence noted above. This triplet is not observed in this location in any other members of the gene family Fig. 2 .
We have noted other differences between BiP sequences and those of the other members of the HSP70 family. For example, the highly conserved tryptophan-87 in most HSP70s is replaced by leucine in BiPs (the only other protein that does not have tryptophan at this position is the yeast hsc7OA1 shown in Fig. 2 ). In the region from amino acid 232 to amino acid 298, the BiP sequence diverges from that of other HSP70s, but the putative yeast BiP and the rat BiP are more similar to each other than to the yeast hsc7OA1 or the consensus sequence in this region. Secondary structure predictions suggest that in most HSP70s, this region is an extended a-helix with nine heptad repeats where the first and fourth amino acids are hydrophobic. Such mediate filaments (33) . The short sequence Ser-Glu-Thr-Leu (amino acids 291-294) appears to be a good indicator of BiP homology because it is not found in any other HSP70 protein and is present in the putative Plasmodium BiP (34) .
The C-terminal amino acid sequence of the putative yeast BiP protein shows no similarity with the analogous sequence in yeast hsc7OA1 or the consensus sequence (Fig. 2) , but a comparison of this region with rat BiP shows remarkable homology. Five of the last eight amino acids in each of these proteins are identical. The three nonidentical amino acids represent relatively conservative changes. The rat BiP Cterminal sequence Lys-Asp-Glu-Leu has been implicated in the ER localization of the protein (35) , and the analogous sequence His-Asp-Glu-Leu present in the putative yeast BiP has recently been shown to have the same effect when linked to the C terminus of invertase (36) . This feature, in combination with the N-terminal extension, most clearly distin- (Fig. 3) . A restriction fragment containing the disrupted gene from this plasmid was used in integrative transformations to replace the wild-type gene. The diploid strain LP112-HT as well as the haploid strains, W3031A-H (MATa) and W3031B-T (MATa), were used as transformation recipients with selection for leucine prototrophy. No transformants were obtained with the haploid strains, suggesting that a complete copy ofthe gene is essential Southern 4Analysis for viability following transformation. The genomes of several independently isolated diploid transformants were analyzed for the presence of a new 7-kb HindIII fragment that would indicate that one of the endogenous genes had been disrupted. The results, shown in Fig. 3 , revealed that the probe hybridized to three fragments, a 3.8-kb fragment and a 1.25-kb fragment originating from the wild-type gene, and the expected 7-kb fragment derived from the disrupted gene. Thus, insertion occurred at one of the two allelic wild-type loci.
Several transformed diploid strains were induced to sporulate to assess the effects of a disrupted BiP gene in haploid cells. Upon dissection of 19 tetrads, only one or two viable spores were recovered per tetrad (Fig. 3) . Furthermore, all viable spores gave rise to colonies that were leucine auxotrophs, demonstrating that the disrupted gene carrying the LEU2 marker cosegregated with the nonviable phenotype. Microscopic examination ofthe nonviable spores showed that no cell divisions had occurred. This is unlike the result obtained with the only other yeast HSP70 gene shown to be essential (SSCI), where residual protein in the haploid spore may be sufficient for several cell divisions (26 There are at least nine members of the yeast HSP70 gene family (see ref. 37 ). Three of these, including the gene we have sequenced, are unique members of the family. One of these unique members, SSCI, is essential for normal growth, whereas another, SSDI, is not (26) . The closely related pair of HSP70 genes, SSBI and SSB2, encode hsc7O-like proteins, and deletion of either one of them has no effect on cell growth. Disruption of both genes on the other hand renders yeast cells cold sensitive (25) . The remaining genes, SSAI-SSA4, are a closely related group ofgenes whose products are functionally similar, and disruption of three of these genes is lethal (37) . These-results in combination with our current findings suggest that the SSCI gene, the SSBI/SSB2 pair, the SSA group, and the gene for BiP each encode proteins with distinct functions and/or cellular locations in spite of their close relatedness. Pelham (1) has suggested that heat shock proteins in general bind to proteins with exposed hydrophobic surfaces to limit their aggregation. The energy of ATP hydrolysis is then used to alter the conformation of the protein, releasing it from its substrate and simultaneously distorting the substrate (1). In yeast, hsc70 proteins have a specialized function in the cytosol; they promote the translocation of proteins through the ER and mitochondrial membranes, possibly by maintaining newly translated proteins in a relaxed conformation (6, 7, 38) . They also play a role in uncoating clathrincoated vesicles (4, 5) . The SSCI gene product is located in mitochondria, where it may promote disaggregation and proper folding of mitochondrial proteins subsequent to translocation (37) Fig. 4 resemble a phylogenetic tree, but we prefer to call this diagram a sequence relationship dendrogram, since we have not included time (of species divergence) as a parameter. We have not attempted to correct for multiple substitutions at the same site, and we have not taken into account synonymous nucleotide substitutions, since only the amino acid sequence was analyzed. True phylogenetic relationships and mutation rates require complex manipulation of nucleotide sequence data, and the theoretical justification of these manipulations is not strong when inter-kingdom comparisons are made. In particular, extreme differences in codon bias ("A/T pressure") between different kingdoms complicate such comparisons.
The sequence relationship dendrogram shown in Fig. 4 reveals several interesting sequence relationships. As expected, yeast BiP protein is most closely related to the rat, hamster, and Plasmodium BiPs (12, 33, 39) . Furthermore, the amino acid sequences of these four proteins are quite distantly related to all other sequences. Thus, the yeast, rat, hamster, and Plasmodium genes are likely to be orthologous, and presumably the first eukaryotes contained a gene from which BiP evolved independently of the other HSP70 genes. This hypothesis is consistent with the concept that selection in favor of organisms with internal membrane compartments required concomitant duplication of an ancestral HSP70 gene and subsequent divergence when the products of each gene became localized to either cytoplasmic (hsc7O/hsp7o) or ER (BiP) compartments.
The data in Fig. 4 also show that the other sequenced yeast HSP70 genes can be grouped into two pairs that are distantly related to each other. This observation suggests that early yeast ancestors contained at least three different members of the HSP70 multigene family. Furthermore, the dendrogram suggests that all of the known vertebrate proteins, with the exception of BiP, are closely related to each other; apparently they arose from a common ancestor after the evolution of the first chordates (although gene conversion between parologous genes could account for the observed similarities). These vertebrate proteins can be roughly divided into two groups; those that are related to the rat hsc70 protein and those more closely related to the mouse and human hsp7O/ hsp68 proteins. The hsc70-like group contains proteins that are major components of normal cells (rat hsc70, mouse hsc70), others that are developmentally regulated (mouse hsc70B, testis specific), and proteins that are only synthesized in response to stress (chicken and trout 70.14). Thus, closely related HSP70 genes can be regulated in different ways. The fact that the yeast BiP gene is strongly heat inducible whereas the rat, hamster, and human BiP genes are either weakly inducible or unaffected by heat shock shows that the sequences that regulate expression are not as conserved as the coding region. 
